A core principle of good public health practice is to base all policy decisions on the highest-quality scientific data, openly and objectively derived.
T h e ne w e ngl a nd jou r na l o f m e dicine implementation of new programs and policies, remain the foremost source, but other examples include analysis of aggregate clinical or epidemiologic data. In the late 1980s, the high rate of the sudden infant death syndrome (SIDS) in New Zealand led to a case-control study comparing information on 128 infants who died from SIDS and 503 control infants. 9 The results identified several risk factors for SIDS, including prone sleeping position, and led to the implementation of a program to educate parents to avoid putting their infants to sleep on their stomachs -well before back-sleeping was definitively known to reduce the incidence of SIDS. The substantial reduction in the incidence of SIDS that resulted from this program became strong evidence of efficacy; implementation of an RCT for SIDS would have presented ethical and logistic difficulties. Similarly, the evidence base for tobaccocontrol interventions has depended heavily on analysis of the results of policies, such as taxes, smoke-free laws, and advertising campaigns that have generated robust evidence of effectiveness -that is, practice-based evidence.
Current evidence-grading systems are biased toward RCTs, which may lead to inadequate consideration of non-RCT data. 10 Objections to observational studies include the potential for bias from unrecognized factors along with the belief that these studies overestimate treatment effects. 11 Although overestimation bias has been shown in some observational studies (e.g., overestimation of the effect of influenza vaccination on reducing mortality among older persons as a result of bias from healthy vaccine recipients 12 ), comparisons of validity between observational studies and RCTs have dispelled many misperceptions. 4, 6, 13, 14 A widely cited example involves the cardiovascular health risks associated with the use of menopausal hormone therapy. Data from an observational study suggested that menopausal hormone therapy would reduce the risk of heart disease 15 ; results from a subsequent RCT showed increased cardiovascular risks. 16 Although initially these differences were thought to indicate weaknesses in the observational study, further analyses determined that both studies had valid results for their patient populations and that discrepancies were probably due to the timing of initiation of hormone therapy in relation to the onset of menopause. [17] [18] [19] [20] [21] If so, then the RCT and observational study showed similar findings. However, a broad recommendation to use hormone therapy was made prematurely. Determining when data are sufficient for action is difficult, but the bar should be much higher when recommending that millions of persons with no disease take medications. This line of reasoning does not suggest that the Food and Drug Administration should be less stringent in their review of drug safety and efficacy, but rather that there should be rigorous review of all potentially valid data sources.
No study design is flawless, and conflicting findings can emerge from all types of studies. The following examples show the importance of recognizing the strengths and limitations in all data sources and finding ways to obtain the most useful data for health decision making.
Va lidit y of A lter nati v e Data Sources -The Li v e At tenuated Influenz a Vaccine
Rigorous analyses after the implementation of a public health program can provide critically important information, such as data on vaccine effectiveness. Analyses of influenza vaccination efforts are a prime example, because, unlike other vaccines, influenza vaccines are given and evaluated for effectiveness yearly. The ability of an influenza vaccine to prevent influenza-related illness is affected by many factors, including genetic changes in the virus as well as host factors including age, underlying medical conditions, and previous infections and vaccinations. In the United States, the effectiveness of the influenza vaccine is monitored through the Influenza Vaccine Effectiveness Network. These data are used to derive estimates of the number of influenza-related illnesses, hospitalizations, and deaths prevented each year through vaccination, which, in turn, provide critical information to help measure, evaluate, and guide public health interventions. First licensed in 2003, the live attenuated influenza vaccine, known as the "nasal spray" influenza vaccine, has been approved for use in healthy children and adults 2 to 49 years of age since 2007. 22 The vaccine showed good protection for both adults and children in postlicen-sure RCTs, and, in June 2014, on the basis of results from several RCTs showing superior efficacy of the live attenuated vaccine over the inactivated influenza vaccine in children, [23] [24] [25] the Advisory Committee for Immunization Practices (ACIP) issued a preference for its use in healthy children 2 to 8 years of age for the 2014-2015 influenza season. 26 A subsequent observational study of the effectiveness of the live attenuated and inactivated influenza vaccines, however, showed worse performance for live attenuated vaccine than was shown in the RCTs, 27 and the ACIP did not renew its preference for the live attenuated vaccine over inactivated vaccine in healthy children for the 2015-2016 season. More recently, on the basis of an observed vaccine efficacy for the live attenuated vaccine that was at or near zero, especially against the 2009 H1N1 pandemic influenza virus, [27] [28] [29] the ACIP recommended that the nasal spray vaccine not be used during the 2016-2017 influenza season. 30 In this example, changes in vaccine formulation (from trivalent to quadrivalent), the population vaccinated (e.g., natural immunity resulting in neutralization of live vaccine), or another factor or factors caused the RCT data to lack external validity and be misleading, as compared with prospectively collected vaccine-efficacy data. Future studies may provide clarification regarding the reasons for these differences, but both RCTs and observational data may be needed.
R eleva nce t o Progr a m Conditions -Dir ec tly Observ ed Tr e atment for T ubercul osis
Although the use of a single drug in the 1946 RCT of streptomycin for the treatment of tuberculosis 31 rapidly led to resistance, the success of the trial spurred a series of long-term RCTs for tuberculosis treatment conducted over four decades by the British Medical Research Council with collaborators throughout the world. 32, 33 Each trial built on previous findings, with the effect of refining drug regimens and minimizing the duration of antituberculosis treatment. The importance of directly observed treatment was realized as treatment moved from sanatoriums to homes. 34, 35 The approach, implemented from 1958 forward, 33 evolved to directly observed treatment, short-course (DOTS), with standard, first-line regimens, and, for persons infected with multidrug-resistant strains, "DOTS-plus," involving second-line, reserve drugs.
36
Studies have purported to show that directly observed treatment offers no advantage over self-administered treatment.
37,38 A limitation of these studies has been lack of evaluation of the health, epidemiologic, and societal costs of relapse or of the rare but devastating progression to drug-resistant tuberculosis. Although these studies have been conducted with intensive oversight, they have not established a method of treatment that can be consistently applied to a large program in which thousands or millions of patients are treated. In addition, an RCT for a tuberculosis treatment method would be unable to predict or account for the harms from the rare but catastrophic secondary, population-wide effects of development and spread of multidrug resistance.
Examples of non-RCT efforts to evaluate the effect of DOTS and DOTS-plus on multidrugresistant tuberculosis include decision analyses of program effect, 39 genotyping of isolates from patients in communities with different directly observed treatment practices, 40 and reviews of medical and public health records along with epidemiologic and laboratory analyses of multidrug-resistant tuberculosis outbreaks. 41 These non-RCT studies have contributed to continued refinements in treatment and follow-up and reduced risks of resistance. For these and other reasons, the American Thoracic Society, World Health Organization, and Centers for Disease Control and Prevention continue to recommend directly observed treatment as the standard of practice.
Popul ation-w ide A na lysisThe Effec t of Sodium Inta k e on C a r diova scul a r He a lth Cardiovascular disease remains the leading cause of death in the United States. 42 A major risk factor for cardiovascular disease is hypertension, which currently affects approximately 29% of U.S. adults. 43 An important strategy for lowering blood pressure is reducing excess sodium intake, particularly through changes to the food supply. 44 
A robust body of evidence, including an analysis
T h e ne w e ngl a nd jou r na l o f m e dicine of more than 100 randomized trials, shows that reducing sodium intake reduces blood pressure among adults. 45 There is also evidence, based on trends at the population level, that reducing sodium intake prevents cardiovascular disease. 46 Meta-analysis of sodium-reduction trials of at least 6 months' duration in which moderate reductions in intake were achieved, as well as welldesigned, long-term cohort studies, have provided strong evidence that lower sodium intake is associated with a reduced incidence of cardiovascular events. 47, 48 The benefits of sodium reduction have been questioned by some researchers on the basis of several studies that report a J-shaped relationship between sodium intake and cardiovascular outcomes. [49] [50] [51] These studies, however, have been shown to have methodologic flaws, including those related to the assessment of usual sodium intake, the potential for reverse causality, inadequate follow-up, residual confounding, and insufficient power. 52 Accurate assessment of long-term, usual sodium intake is critical in cohort studies that relate individual sodium intake to long-term outcomes and requires multiple 24-hour urine collections over a period of time. [52] [53] [54] Spot or single 24-hour urine collections have a high degree of intraindividual variation that may not be overcome by correction or large sample size. [54] [55] [56] Because of challenges in accurately measuring usual sodium intake and excretion and the potential for misclassification of exposure, cohort studies must use multiple 24-hour urine collections 48 to be valid, and study designs that use population means, which are subject to less variation than measurements of individual intake, often provide more reliable information. 57 This may be why studies that assess sodium intake and cardiovascular events on a population level have shown beneficial effects of sodiumintake reduction, 46 whereas studies with less accurate measures of individual intake have not. 54, 57 Even for established risk factors, RCTs can yield answers that are simply wrong. A wellknown example is the large Multiple Risk Factor Intervention Trial (MRFIT) on cardiovascular disease, which showed insufficient differences in health outcomes resulting from interventions such as smoking cessation and exercise. 58 Although longer follow-up showed that the trial may have accurately identified benefits from smoking cessation and improvements in nutrition, the study highlighted problems in implementing and measuring the effects of substantial lifestyle changes -in particular, insufficient follow-up duration, possible adoption of interventions by participants in the comparison group, and inadequate adherence to recommended interventions by participants in the study population.
Although some researchers have called for large, long-term RCTs examining the effects of sodium-intake reduction on clinical outcomes to inform population-wide sodium-reduction efforts, this approach is similarly not feasible. Such trials would require tens of thousands of participants undergoing randomization to a high-sodium or low-sodium diet, with adherence to the intervention and follow-up of at least 5 years. 47 This study design is impractical, particularly given the challenges with adherence to a low-sodium diet in our current food environment. As with many other topics in public health, conflicting findings from studies that use different methods are to be expected. Critical analysis of study methods and measurement and examination of the totality of the evidence are essential in order to interpret results correctly and make appropriate recommendations for action. Approximately 5000 to 7000 conditions fit the definition of a rare disease, with more than 50 million people affected throughout the world. 60, 61 Because of small sample sizes and logistic constraints, it is unlikely that RCTs will be performed for most of these conditions; actionable information may be most likely to be obtained from meticulous analysis of the treatment of different patients by different methods. Such an approach was used to determine that isoniazid, injectable medications, and fluoroquinolone antibiotic agents were most likely to lead to successful treatment for common strains of multidrug-resistant tuberculosis. 41 Despite the Orphan Drug Act, which was passed in 1983 to provide industry incentives for the development of clinical treatments for rare diseases, the op-tions for most patients are limited. A movement to create a global rare-disease patient registry along with a centralized database of biorepositories for rare biospecimens followed from a 2010 workshop, sponsored by the National Institutes of Health, involving researchers, advocacy groups, and stakeholders. 62 The Rare Diseases Human Biospecimens/Biorepositories (RD-HuB) makes rare-disease specimens available to researchers and informs patients of ongoing studies. Although such registries could potentially lead to RCTs, attaining sufficient study-population sizes could remain an impediment. Alternately, these registries could be used to collect detailed case studies, including standardized information on individual treatment and clinical status, which could be used to enhance understanding of a particular disease and its treatment and improve the health of affected patients. For example, standardizing and aggregating data on clinical features, treatment, and outcomes from case reports and case series may reveal ways to improve diagnosis and treatment.
Cos ts a nd Infr a s truc t ur e -R eli a ble R esults from Mor e Fe a sible S t udy Designs
Large observational studies, with longer followup, can be tailored to minimize bias in a manner analogous to the way bias is minimized in RCTs. In one such study, data from the Veterans Health Administration (VA) and Medicare were used to examine outcomes of treatment with sulfonylureas and thiazolidinediones -two second-line drugs for type 2 diabetes. 63 The study used physician-prescribing patterns to approximate an RCT: determinations were made for patients to receive a sulfonylurea or thiazolidinedione on the basis of how often their physician had prescribed the drugs during the previous year (i.e., patients of physicians who usually prescribed sulfonylureas were assigned to receive a sulfonylurea, and those whose physicians usually prescribed thiazolidinediones were assigned to receive a thiazolidinedione). With more than 80,000 patients monitored for up to 10 years, the study was 20 times larger and had a much longer follow-up than previous RCTs comparing the effectiveness of second-line diabetes drugs. The results showed a 68% higher risk of avoidable hospitalization and a 50% higher risk of death associated with treatment with sulfonylureas, as compared with thiazolidinediones, providing strong evidence-based information for clinical decision making while also avoiding many of the limitations of RCTs.
The VA is also undertaking a new type of randomized trial to compare the use of chlorthalidone versus hydrochlorothiazide for the treatment of hypertension. 64 Both medications, which are diuretics, have been used for more than 50 years, but more than 95% of the million or more veterans who are prescribed this type of diuretic receive hydrochlorothiazide, as compared with the 2.5% receiving chlorthalidone. 65 However, there is evidence that chlorthalidone, the older of the two drugs, is more effective in preventing cardiovascular events 66 and reducing mortality. 67, 68 Using data from electronic medical records, with reliance on the patients' primary care physician instead of additional study personnel, the trial plans to enroll approximately 13,500 veterans older than 65 years of age who are currently receiving hydrochlorothiazide. These patients will then be randomly assigned to receive hydrochlorothiazide or chlorthalidone over a 3-year study period. This study design simplifies the infrastructure and greatly reduces the costs involved in a traditional, large RCT. 64 With approximately 50 million prescriptions for hydrochlorothiazide filled each year in the United States, even small reductions in cardiovascular events associated with chlorthalidone use that may be identified through this study would have a substantial effect in the prevention of cardiovascular disease.
Mov ing Forwa r dOv ercoming the "Da r k M at ter" of Clinic a l Medicine
For much, and perhaps most, of modern medical practice, RCT-based data are lacking and no RCT is being planned or is likely to be completed to provide evidence for action. This "dark matter" of clinical medicine leaves practitioners with large information gaps for most conditions and increases reliance on past practices and clinical lore. 4, 69, 70 Elevating RCTs at the expense of other Studies have assessed effects of cholesterollowering medications and patient selection for this treatment 79, 80 Studies have analyzed different approaches for prevention of cancer (e.g., among women with BRCA1 or BRCA2 mutations), for prevention of colon cancer, and for treatment of prostate cancer [81] [82] [83] Prospective cohort studies Establish temporal relationship Can evaluate a range of outcomes Can evaluate rare exposures Allow for nested studies Inefficient for studying rare diseases Resource-intensive, since most cohorts must be followed for many years Potential for nonrepresentative study populations (e.g., persons who are less mobile) resulting from losses to follow-up Identification of risk factors for breast and colon cancer, cardiovascular disease, hip fracture, eye disease, and decreased cognitive function (Nurses' Health Study) led to changes in screening, prevention, and treatment 84 Identification of risk of cancer and death among patients infected with hepatitis C virus led to intensified efforts to establish and provide effective treatment 85 Retrospective cohort studies Establish temporal relationship Can evaluate a range of outcomes associated with a given exposure Can evaluate rare exposures Allow for nested studies Can be conducted rapidly Inefficient for studying rare diseases Resource-intensive (with regard to costs and time) Potential for difficulties in correcting for recall and other forms of bias and for confounding Assessment of prognosis and treatment in different types of cancer led to better treatment protocols 86 Assessment of survivors of childhood cancer led to recognition of increased risk of post-treatment cardiac complications, enabling better clinical care 87 Case-control studies Efficient for studying rare outcomes and potential associated exposures Can be conducted rapidly and generally at low cost Can rapidly yield information with implications for action
Potential for varying quality of exposure assessment data May be more prone to bias than cohort studies because of selection bias and other study effects No information about rates of disease or temporal trends
Identification of risk factors for the sudden infant death syndrome (SIDS) led to intervention programs that have greatly reduced infant mortality 9 Determination of common exposures has led to identification of sources of infection and recalls of contaminated food 88 Identification of association between oropharyngeal cancer and human papillomavirus infection has led to new prevention efforts 89 T h e ne w e ngl a nd jou r na l o f m e dicine potentially highly valuable sources of data is counterproductive. A better approach is to clarify the health outcome being sought and determine whether existing data are available that can be rigorously and objectively evaluated, independently of or in comparison with data from RCTs, or whether new studies (RCT or otherwise) are needed. New ways of obtaining valuable health data continue to emerge. "Big data," including information from electronic health records and expanded patient registries, along with increased willingness of patients to participate and share health information, are generating useful data for large interventional studies and providing new opportunities for complementary use of multiple data sources to gain stronger evidence for action. 71 For example, although an RCT may show the benefit of a drug, large observational studies can be conducted to refine dosages and identify rare adverse events. In addition, new strategies have been undertaken to increase the efficacy and efficiency of RCTs, including collaborative and adaptive trials to increase enrollment, reduce costs and time to completion, and better identify populations that benefit from treatments. [72] [73] [74] Advances in genomic science may allow for better understanding of unique characteristics in patients that can affect outcomes of RCTs and other studies and be used to improve the validity of study findings.
There is no single, best approach to the study of health interventions; clinical and public health decisions are almost always made with imperfect data (Table 1) . Promoting transparency in study methods, ensuring standardized data collection for key outcomes, and using new approaches to improve data synthesis are critical steps in the interpretation of findings and in the identification of data for action, and it must be recognized that conclusions may change over time. There will always be an argument for more research and for better data, but waiting for more data is often an implicit decision not to act or to act on the basis of past practice rather than best available evidence. The goal must be actionable data -data that are sufficient for clinical and public health action that have been derived openly and objectively and that enable us to say, "Here's what we recommend and why."
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